Activated PI3K-delta syndrome (APDS) is an immunodeficiency caused by gain-of-function mutations in PIK3CD. This disease exhibits complex immune phenotypes including increased IgM, recurrent infection, and impaired vaccine responses. To better understand the impact of B cells in this disease, we generated an inducible model of the common APDS mutation (hPIK3CD-E1021K; referred to as aPIK3CD) and intercrossed these mice with B cell-specific Cre models. Mb1-aPIK3CD mice exhibited bone marrow B lymphopenia and, conversely, expansion of the peripheral innate B1a and MZ B cell compartments. aPIK3CD B cells manifest increased pS6 and increased survival at several stages, without alterations in cycling, and baseline increases in plasma cells, natural IgM, and IgG3. Finally, Mb1-aPIK3CD mice exhibited blunted T cell-independent immune responses, and both AID-and CD21-aPIK3CD mice displayed reduced class-switched antibodies following T cell-dependent immunization. Thus, aPIK3CD alters B cell development and function and is counter-productive during immune responses, providing insight into B cell-intrinsic contributions to the APDS phenotype.
Introduction
Phosphatidylinositol 3-kinase (PI3K) signaling plays a critical role at several stages of B cell development. Class 1A PI3K proteins function as heterodimers between catalytic (PIK3CA, B, and D) and regulatory (PIK3R1-3) subunits. These heterodimeric complexes catalyze phosphorylation of the 3-OH group of integral membrane phosphoinositides critical for the activation of downstream kinases that regulate B cell survival, differentiation, and metabolism, including, but not limited to, BTK, AKT, and MTOR.
The catalytic subunits of class 1A PI3Ks have overlapping expression patterns. PIK3CA and PIK3CB are expressed ubiquitously, whereas PIK3CD (p110δ) is restricted to immune cells. Despite the structural and expression similarities, loss-of-function studies have revealed that PIK3CD and its regulatory subunit PIK3R1 (p85) are the primary class 1A PI3K downstream of the B cell antigen receptor (BCR). While deletion of either gene in mice limits central B cell development, mature B cell development is also altered, resulting in development of fewer B1 and marginal zone (MZ) B cells (Jou et al., 2002) . These cellular defects contribute to decreased immunoglobulin production, weak responses to T cell-independent (TI) antigens, and lack of response to T celldependent (TD) antigens in mice (Jou et al., 2002; Okkenhaug et al., 2002) or humans deficient in either PIK3CD (Zhang et al., 2013) or PIK3R1 (Conley et al., 2012) . Conversely, B cell-specific activation of class 1A PI3Ks, as assessed using genetic models of PI3K hyper-activity, also leads to defects in both TI and TD responses. For example, deficiency of either the PI3K phosphatases, INPP5D (Liu et al., 1998; Okada et al., 1998) or PTEN (Browning et al., 2015) , or forced expression of membrane-tethered PIK3CA (Sander et al., 2015) , results in loss of B cell class-switch recombination and maturation in response to TD antigens.
As suggested from the data in mice, primary immunodeficiency in humans can be caused by germline mutations in PIK3CD (p110δ) or PIK3R1 (p85) that increase class 1A PI3K signaling. Patients with activating mutations in either gene present with complex immune phenotypes that include susceptibility to bacterial and viral respiratory infections, B cell lymphopenia, effector-memory T cell hyperplasia and senescence, antibody dysregulation (increased IgM and decreased IgG2), and acquisition of B cell lymphoma. The cell-intrinsic roles for B and T cells in this newly identified immune dysregulation disease, called activated PI3K-delta syndrome (APDS), have not been carefully elucidated. Here, we report an inducible murine model of APDS driven by a common activating mutation in PIK3CD (E1020K). Our data show that many aspects of the APDS clinical phenotype can be explained by B cell-intrinsic, activated PI3KD-driven signaling. Dysregulated PI3K signals in B cells lead to defects in immature B cell development, preferential expansion of innate-like B cells, Correspondence to David J. Rawlings: drawling@ u .washington .edu. increases in natural IgM, and a naive B cell compartment that lacks the capacity to respond appropriately to immune challenge.
Results and discussion
A cell-intrinsic model for tissue-specific knock-in of activated PIK3CD To understand how activating mutations in the catalytic subunit of PIK3CD impact the differentiation and homeostasis of immune cells, we generated an inducible mouse model of PIK3CD-E1020K (equivalent to hE1021K, hereafter referred to as aPIK3CD). A targeting vector containing the aPIK3CD mutation within exon 24 of the Pik3cd gene and relevant Cre-loxp sites was introduced by homologous recombination into the endogenous Pik3cd locus. The mutant exon was placed in the opposite orientation of transcription (3′→5′) and downstream of the endogenous exon 24. Upon Cre-mediated excision, the endogenous exon 24 is excised and the mutant exon is flipped so that its transcription is subject to endogenous regulation ( Fig. S1 A) . Using droplet digital PCR (ddPCR) with knock-in (junction)-specific probes, we confirmed the flipping efficiency in CD21 Cre/+ aPIK3CD +/− to be ∼50% and restricted to the B cell lineage, as expected in a heterozygote genotype ( Fig. S1 , B-D). These data demonstrate establishment of an efficient murine model that enables tissue-specific expression of aPIK3CD.
Expression of aPIK3CD in developing B cells leads to bone marrow (BM) B lymphopenia APDS patients exhibit peripheral B cell lymphopenia (Angulo et al., 2013; Lucas et al., 2014 Lucas et al., , 2016 Dulau Florea et al., 2017; Wentink et al., 2017) . BM B cell phenotyping in a limited number of APDS subjects has suggested that aPIK3CD may impact the pre-B-I stage, leading to an increased proportion of apoptotic CD19 dim B cell progenitors (Wentink et al., 2017) or, similarly based on alternative surface markers, a proportional increase in CD10 hi CD20 neg early B cell progenitors (Dulau Florea et al., 2017) . To better understand the consequences of hyperactive PI3K signaling during early B cell development, we crossed aPIK3CD animals to the Mb1-Cre strain to drive aPIK3CD expression beginning at the pro-B cell stage (Hobeika et al., 2006) . To minimize the indirect effects of long-term aPIK3CD expression, we focused our analyses on cohorts 11-13 wk of age. As anticipated based upon biochemical analysis of primary T and B cells in APDS subjects (Angulo et al., 2013; Lucas et al., 2014; Wentink et al., 2017) , all splenic B cells subsets displayed increased phosphorylation of ribosomal protein S6 (pS6; Ser235/236) compared with controls ( Fig. 1, A and B ). Mb1-aPIK3CD mice displayed diminished frequency and ∼50% reduction in the absolute number of BM B cells (Fig. 1, C and D; and Fig. S1 E) . Detailed characterization of the BM B cell compartment demonstrated an increased proportion of pro-B cells (B220 + IgM − CD43 + ) and a decreased frequency of mature recirculating B cells (B220 + IgM + IgD + , Fig. 1 E and Fig . S1 E). By absolute cell counts, we observed a reduction in the number of small pre-and mature recirculating B cells (Fig. 1 F and Fig . S1 E). Thus, while previous human studies were unable to assess total BM B progenitor cell numbers, consistent with phenotypic data from APDS subjects, B cell-intrinsic aPIK3CD ex-pression restricts BM B lymphopoiesis with its major impact at the pre-B stage leading to a proportional increase in pro-B cells and reduction in the absolute number of pre-B, immature, and recirculating B cells.
aPIK3CD expression promotes expansion of peripheral innate B cell compartments
We next evaluated the impact of aPIK3CD on peripheral B cell development. In the peritoneum, Mb1-aPIK3CD mice displayed increases in both the proportion and absolute number of B1a B cells (Fig. 1, G and H; and Fig . S1 F) and a proportional reduction in the frequency, but not the number, of B1b and B2 B cells. In the spleen, Mb1-aPIK3CD mice exhibited an increased proportion of MZ B cells and a decrease in the proportion of follicular mature (FM) B cells with a similar trend in cell numbers (Fig. 1, I and J; and Fig. S1 G) . Thus, despite a reduction in BM B cell development, B cell-intrinsic aPIK3CD expression is sufficient to drive expansion of both the B1a and MZ B cell compartments. aPIK3CD B cells exhibit differential selection within the immature versus MZ and B1a compartments To precisely assess the specific stages of B cell development wherein cells expressing aPIK3CD exhibit altered competitive selection, we performed BM chimera studies using mixed populations of WT (CD45.1 + ) and Mb1-aPIK3CD (aPIK3CD, CD45.2 + ) BM transplanted into congenically marked, B cell-deficient µMT recipients (CD45.1 + /CD45.2 + ). Recipient mice were characterized 12 wk after transfer to interrogate chimerism within B cell developmental stages. Within the BM, relative to aPIK3CD cells, WT B cells were enriched at the immature stage (B220 + IgM + IgD − ), an advantage that remained despite skewing the input BM ratio to 2:1 in favor of aPIK3CD cells (Fig. 2, A and B ). As the absolute number of immature B cells is primarily dependent on clonal expansion of pre-B cells, this reduced competitive fitness likely reflects the diminished small pre-B cell compartment ( Fig. 1 F) observed under homeostatic conditions. Similar to our observations in the periphery of Mb1-aPIK3CD mice, despite their being at a disadvantage before egress from the BM, aPIK3CD B cells outcompeted WT cells within the B1a (Fig. 2 , C and D) and MZ compartments (Fig. 2, F and G) . In addition to the impact on the B1a cells, we observed skewing in favor of aPIK3CD B1b B cells, suggesting that aPIK3CD globally promotes B1 B cell fitness, as evidenced by the elevated numbers of Mb1-aPIK3CD-derived B1a and B1b cells ( Fig. 2 E) , and enhances the activated B1a CD5 + phenotype.
To determine whether aPIK3CD alters innate B cell populations independently of early B lineage commitment, we crossed aPIK3CD mice to the CD21-Cre strain. In this model, aPIK3CD is first expressed at the splenic T1 stage and to a somewhat lesser degree in peritoneal B cells (Martin and Kearney, 2001) . CD21-aPIK3CD displayed an expansion of innate B cells, including an increased frequency of B1a cells, with a trend toward increased numbers (Fig. 2 , H and I), and significant increases in MZ B cell numbers with a concomitant decrease in FM B cells (Fig. 2, J and K) . While chimeric studies suggested a trend for increased proportion of aPIK3CD transitional B cells ( Fig. 2 G) , absolute numbers of T1/T2 and MZ precursor (MZp) B cells were un-changed in CD21-aPIK3CD mice (Fig. 2 , J and K). Thus, restricting aPIK3CD expression to peripheral B cell stages is sufficient to drive expansion of innate B cell populations. Of note, a study (published during revision of our work) used a CRI SPR/Cas9 generated p110δ E1020K model to assess the impact of the identical genetic change on murine B cell development and reported increased numbers of splenic T1 B cells (B220 + CD93 + CD23 − ) in the setting of global aPIK3CD expression and using BM chimera models (Avery et al., 2018) . The discrepancy between this and our data may reflect use of alterative markers to define transitional B cells, as well as differences between a global knock-in versus B cell-intrinsic models. Notably, interaction with CD40L-expressing cells impacts transitional B cell development (Schwartz et al., 2014) ; thus, hyperactive PI3K signaling in other lineages or ele-vated B cell-activating factor (BAFF) levels in BM chimeras may help drive the expansion of T1 B cells. While we did not identify a numerical increase, we observed a trend of competitive advantage in aPIK3CD-expressing transitional B cells and, consistent with our data in both splenic and peritoneal compartments, the CRI SPR-p110δ E1020K model also identified increased innate B cell populations in the spleen.
Together with findings in the Mb1-aPIK3CD model, the decrease in recirculating, FM, and peritoneal B2 B cells supports the idea that aPIK3CD leads to B cell lymphopenia, as observed in APDS subjects, via a combined impact on BM development and reduced fitness of mature B2 B cells. Of note, B cell lymphopenia in APDS subjects is associated with a proportional, but not a numerical, increase in circulating transitional B cells and a reduction in the number of mature and memory B cells (Angulo et al., 2013; Lucas et al., 2014 Lucas et al., , 2016 Wentink et al., 2017) . While we did not assess memory cells, our findings are consistent with these data where transitional B cell numbers were minimally impacted, while FM and recirculating B cells were numerically and proportionally reduced. aPIK3CD does not alter cycling but differentially impacts immature versus innate B cell survival To clarify how aPIK3CD leads to reduced BM B cells and higher B1a and MZ B cell numbers, we quantified its effects on cell proliferation and survival. To measure proliferation, Mb1-aPIK3CD and control mice were injected 24 h before sacrifice with BrdU, a thymidine analogue incorporated into DNA during S phase. We observed no difference in BrdU + BM B cell subsets in Mb1-aPIK3CD versus control mice ( Fig. 3 A and Fig. S2 A) . In the periphery, splenic B cell subsets including MZ B cells (Fig. 3 B) and peritoneal B2 ( Fig. 3 C) showed no differences in cycling in Mb1-aPIK3CD mice compared with controls. In contrast, aPIK3CD B1a B cells exhibited decreased proliferation, and B1b cells showed a similar trend ( Fig. 3 C) .
Because there is no evidence of altered cycling under homeostatic conditions, we postulated that the reduction in immature B cells and/or expansion of innate B cells reflected differences in cell survival. Analysis of WT versus aPIK3CD B cells in the chimeric setting demonstrated an increased frequency of aPIK3CD-expressing immature B cells undergoing apoptosis (TUN EL + ; Fig. 3 , D and E). Splenic MZ B cells exhibited diminished apoptosis in the chimeric setting, despite being more apoptotic before BM egress ( Fig. 3 F) . Under homeostatic conditions, removing the impact of hyperactive PI3K signaling in the BM, we observed decreased TUN EL + B1a B cells in CD21-aPIK3CD mice (Fig. 3 G) and similar trends in MZp and MZ B cells (data not shown). Consistent with these data, MZ B cells and peritoneal B cells exhibited decreased Annexin V staining, an alternative measure of apoptosis ( Fig. S2 , B-E). Together, these data show that B cell-intrinsic aPIK3CD expression promotes innate B cell survival without altering proliferation. Conversely, aPIK3CD expression limits survival of immature B cells, and may be selected against, without impacting proliferation.
Additional work is required to understand the contrasting impact of aPIK3CD in BM versus innate B cell development. Mice homozygous for catalytically inactive p110δ exhibit reduced numbers of BM pre-B and immature B cells (Okkenhaug et al., 2002) , and deletion of both p110α and p110δ results in a more severe pre-B cell developmental arrest (Ramadani et al., 2010) . Conversely, B cell-intrinsic Pdk1 deficiency also negatively impacts these BM B cell populations, with a near complete loss of recirculating and immature B cells due to a decreased frequency of pre-B cells (Baracho et al., 2014) . Consistent with the idea that both reduced and enhanced PI3K activity may negatively impact BM B cell survival, PTEN deletion in pre-B cells expressing oncogenic BCR-ABL1 drives rapid leukemic cell death. This leads to down-regulation of IL-7R, CD19, and components of the pre-BCR and hyperactive Akt signaling, events that are countered by pharmacological inhibition of Akt (Shojaee et al., 2016) . Thus, together with these previous data, our findings imply that al-tered PI3K signals dysregulate the pre-B checkpoint, leading to increased cell death, possibly via dysregulation of Pax5 target gene expression (Abdelrasoul et al., 2018) . In the periphery, loss of PIK3CD restricts both MZ and B1a B cell development. In contrast, increased PI3K activity limits BCR-mediated apoptosis in splenic B cells, promoting survival and proliferation (Cheng et al., 2009) . Additionally, PIK3CD is required for BAFF receptordriven positive selection (Henley et al., 2008) . As BAFF signals preferentially regulate innate B cell populations including B1 and MZ B cells, aPIK3CD may augment this BCR-dependent program, promoting innate cell expansion despite its negative impact on BM lymphopoiesis.
aPIK3CD expression drives plasma cell formation that correlates with elevated natural IgM To assess the impact of aPIK3CD on immunoglobulin production and terminal differentiation, we quantified plasma cell numbers and antibody isotypes. We observed a significant increase in frequency and number of splenic plasma cells (B220 − CD138 + ) in the absence of immunization (Fig. 4, A and B) . In chimeras, we found that aPIK3CD B cells out-competed WT B cells in the germinal center (GC; B220 + CD95 hi CD38 lo ) and plasma cell compartments (Fig. 4, C and D; and Fig. S2 F) , supporting the idea that hyperactive PI3K signaling enhances terminal differentiation.
To further investigate the functional impact of alterations in plasma cells, B1a, and MZ B cells, we quantified serum antibody. Mb1-aPIK3CD mice exhibited an approximately threefold increase in both IgM and IgG3 (Fig. 4 E) . Restricting expression of aPIK3CD to peripheral B cells also resulted in an increase in serum IgM and IgG3 (Fig. 4 G) . B1 B cells are the major source of IgM and IgG3 natural antibodies that recognize self-and nonself/ microbial antigens (Durand et al., 2009) . Many natural antibodies recognize oxidation-specific epitopes on lipids and apoptotic cells. We found that MDA-LDL and phosphorylcholine (PC)-reactive (PC(10)) IgM were increased (Fig. 4 F) and reactivity to nuclear antigens was reduced (Fig. S2 , G and H) in Mb1-aPIK3CD compared with control animals. Restriction of aPIK3CD expression to peripheral B cells led to a similar phenotype (Fig. 4 , G and H). In addition, both models also showed increased, or a trend for increased, IgG reactivity for oxidized/natural antigens (Fig.  S2 I) . These findings suggest that hyperactive PI3K enhances the formation of plasma cells, which are derived, at least in part, by activation of innate B cells, leading to increased serum levels of natural antibodies.
Consistent with our findings in mice, APDS subjects exhibit increased circulating plasmablasts and elevated serum IgM (Angulo et al., 2013; Lucas et al., 2014 Lucas et al., , 2016 Wentink et al., 2017) , implying that expansion of innate B cells may account for the common hyper-IgM phenotype. Assessment of IgM specificities in APDS subjects may provide important insight into this question. While B1a B cells have been proposed to generate natural IgM in murine models (Lalor et al., 1989; Chou et al., 2009; Holodick et al., 2010; Choi et al., 2012) , analysis of BM IgM + plasma cells and peritoneal cell transfer studies suggests that an early B1 progenitor may preferentially seed the natural IgM + plasma cell compartment (Reynolds et al., 2015) . To test this idea, we quantified B1 progenitors in the BM and observed sig-nificant increases in their number and proportion (Fig. S3 , A-C) in aPIK3CD mice (Montecino-Rodriguez et al., 2006) . In future studies, aPIK3CD models could be used to define these progenitors and assess other B1 B cell functions, including generation of IL-10-producing subsets.
B cell-intrinsic aPIK3CD expression blunts TI immune responses
The elevated IgM and innate B cell numbers in aPIK3CD mice suggested these mice might exhibit an increased TI immune response. To test this hypothesis, we immunized Mb1-aPIK3CD and control mice with the TI antigen, NP-Ficoll. Despite increased basal NP-specific IgM, 7 d after immunization, Mb1-aPIK3CD mice had reduced NP-specific IgM compared with controls (Fig. 5, A and B) . The fold change in antigen-specific IgM was also reduced (∼1.4-fold versus ∼6.5-fold in controls). Mb1-aPIK3CD mice also exhibited decreased NP-specific IgG3 at baseline and after immunization (Fig. S3, D and E) . Notably, APDS patients suffer from recurrent sinopulmonary infections with encapsulated bacteria (Streptococcal pneumonia and Haemophilus influenzae) and exhibit diminished responses to polysaccharide-based vaccines (Angulo et al., 2013; Lucas et al., 2014 Lucas et al., , 2016 . To test whether aPIK3CD mice exhibit a defective response to polysaccharide antigens, we immunized control and Mb1-aPIK3CD mice with Pneumovax23 (PPV23) and measured antibody titers at 6 and 12 d after immunization. Similar to alterations in mice immunized with NP-Ficoll, Mb1-aPIK3CD mice exhibited higher baseline levels of antigen-specific IgM (Fig. S3 F) . While peak IgM antibody titers were similar to controls ( Fig. 5 C) , the overall fold-induction of antigen-specific antibody was re- ; bottom, middle, and right panels, the frequency of apoptotic cells (TUN EL + ) within WT versus Mb1-aPIK3CD immature B cells, respectively; and top, middle, and right panels, WT versus Mb1-aPIK3CD immature B cells, respectively, not subjected to TUN EL staining shown as a negative control. (E) Percent TUN EL + WT versus Mb1-aPIK3CD BM immature B cells in µMT recipient animals (P = 0.002, 12 wk after transfer with 2:1 and 1:2 ratio of WT to Mb1-aPIK3CD input BM B cells; see Fig. 2 A) . Significance calculated by Student's unpaired t test. Data representative of two independent experiments with seven recipients with input BM ratio as shown in Fig. 2 A. (F) Percent TUN EL + WT versus Mb1-aPIK3CD splenic B cell subsets in µMT recipient animals (MZ, P = 0.0002, 12 wk after transfer with same input as in D). Data representative of two independent experiments with seven recipients with 2:1 ratio of WT to Mb1-aPIK3CD input BM B cells. (G) Percent TUN EL + cells in peritoneal B cell subsets in CD21-aPIK3CD and control mice (B1a, P = 0.002, eight control and six CD21-aPIK3CD mice, 12-19 wk of age). (F and G) Significance calculated by two-way ANO VA. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. For summary graphs, lines indicate mean ± SEM. duced ∼1.5-2-fold in the Mb1-aPIK3CD mice (Fig. 5 D) . Thus, B cell-intrinsic aPIK3CD expression blunts the capacity to mount a TI immune response. While the precise mechanism responsible for this defective response remains to be determined, the increased number of innate B cells and elevated baseline levels of antigen-specific IgM suggest that antibody-forming cells derived from antigen-triggered, aPIK3CD innate B cells exhibit reduced survival and/or other functional changes that limit sustained TI antibody production.
B cell-intrinsic aPIK3CD expression skews GCs toward a light zone (LZ) fate and limits Ig class-switching
Patients with APDS exhibit defects in circulating, class-switched memory B cells, and normal or reduced serum IgG, with preferential loss of IgG2 (Angulo et al., 2013; Lucas et al., 2014 Lucas et al., , 2016 Wentink et al., 2017) . Lymph node biopsies have revealed either increased or decreased GC B cell follicles with normal or reduced IgG-positive cells (Crank et al., 2014; Lucas et al., 2014; Elkaim et al., 2016) . IgG and IgA transcripts exhibit minimal differences in activation-induced cytidine deaminase (AID) targeting and somatic hypermutation (Wentink et al., 2017) , and in in vitro studies, primary B cells from APDS patients revealed either normal or reduced production of class-switched antibodies (Crank et al., 2014; Chiriaco et al., 2017) . Together, these previous observations suggest that aPIK3CD expression may inhibit class-switch recom-bination in human B cells. Similarly, alternative mouse models of GC-restricted hyperactive PI3K signaling exhibit defective classswitch recombination (Dominguez-Sola et al., 2015; Sander et al., 2015) . To directly assess how aPIK3CD impacts a TD immune response, we challenged mice with virus-like particles (VLPs) containing a TLR7 ligand. To eliminate any impact of aPIK3CD on B cell development or BCR repertoire, we performed studies using the AID-Cre strain. In this model, aPIK3CD expression is induced upon transcription of AID, which is most highly expressed in GC B cells (Victora et al., 2012) . At 14 d after VLP immunization, we observed no differences in the frequency of total or VLP-specific GC B cells (Fig. 5, E-G) . GC B cell-intrinsic deletion of FOXO1 (Dominguez-Sola et al., 2015) or constitutive activation of PI3K (p110α; Sander et al., 2015) results in a reduction of the GC dark zone (DZ) compartment. Consistent with these previous findings, GC B cells in AID-aPIK3CD mice demonstrated skewing toward an LZ (CXCR4 − CD86 + ) phenotype (Fig. 5, H and I) . To determine how aPIK3CD impacts the production of antigen-specific antibodies, we measured VLP-specific serum titers. At 14 d after immunization, AID-aPIK3CD mice exhibited a heightened VLP-specific IgM response compared with control animals (Fig. 5 J) . In contrast, AID-aPIK3CD mice generated a blunted class-switched response with reduced levels of VLP-specific total IgG and IgG2c, the dominant isotype triggered in response to VLP immunization (Fig. 5, K and L) . To assess the impact of aPIK3CD when expressed ; blue open squares: Mb1-aPIK3CD PBS-injected (n = 2); blue filled squares: Mb1-aPIK3CD PPV23-injected (n = 5). (D) Fold induction of PPV23-IgM over baseline (day 0) OD 450 for days 6 and 12 after immunization with PPV23 (day 6, P = 0.0004; day 12, P = 0.0003). Black: control PPV23-injected mice; blue: Mb1-aPIK3CD PPV23-injected mice. Significance calculated by two-way ANO VA. Data representative of two independent experiments with mice 19-21 wk of age. (E-L) Control and AID-aPIK3CD mice were injected i.p. with PBS or 2 μg of VLPs containing TLR7 ligand in 250 μl and sacrificed 14 d after immunization. (E) Representative flow plots of GC B cells (B220 + CD95 hi CD38 lo ; left) and VLP-specific cells (VLP + ; right) within the GC at 14 d after immunization. Top panels: control; bottom panels: AID-aPIK3CD. (F and G) Frequency of GC B cells (F) and VLP-specific cells (G) in GC at 14 d after in all peripheral B cell populations, we performed identical immunization studies using CD21-aPIK3CD mice (Fig. S3, G-L) . We observed a modest increase in the proportion of GC B cells with a decrease in the proportion of VLP-specific cells, LZ skewing, and reduced levels of VLP-specific total IgG and IgG2c in CD21-aPIK3CD compared with control animals. Thus, consistent with previous observations in APDS subjects and in alternative mouse models of activated PI3K, B cell-intrinsic aPIK3CD promotes GC LZ cell skewing and limits, but does not eliminate, class-switch recombination of antigen-specific B cells.
In summary, we describe a robust, Cre-inducible model to assess lineage-specific impact of aPIK3CD expression. Using intercross with a series of B lineage-specific Cre strains, we demonstrate that aPIK3CD expression in B cells is sufficient for several features of APDS including elevated IgM, reduced responses to both TI and TD antigens, and discrete alterations in the BM and peripheral B cell compartments. Further, our data indicate that a subset of these clinical findings likely reflects alterations in innate B cell compartments that warrant direct assessment in patients. To date, no information is available regarding splenic MZ structures and, while all subjects in one study had an increased proportion of CD5 + CD20 + B cells (Lucas et al., 2014) , direct assessment of candidate human B1 populations (Griffin et al., 2011) in peripheral or, ideally, tissue compartments may be informative. Finally, a key finding in our study is that while the innate B cell compartment is increased in aPIK3CD animals, these cells are unable to manifest normal TI responses. This finding likely explains the near universal failure of APDS subjects to respond to the polyvalent pneumococcal vaccine and, at least in part, the recurrent sinopulmonary infections in these subjects with S. pneumoniae. Notably, a recent study using the oral PI3K-delta inhibitor leniolisib in six APDS patients demonstrated improvement in disease features including reduction in serum IgM, normalization of the peripheral blood B cell phenotype, and reduced adenopathy (Dornan et al., 2017) . Together with our findings, these observations suggest that combining leniolisib with delivery of pneumococcal vaccine may provide improved protection from S. pneumoniae in these patients, an idea that could be initially assessed in the animal model described here. Finally, while aPIK3CD increases the risk for multiple forms of B cell lymphoma (Kracker et al., 2014) , PI3K-delta inhibitors may also increase the risk for genomic instability in malignant B cells (Compagno et al., 2017) , suggesting that long-term use of these agents may need to be carefully assessed in this context.
Materials and methods
Mice Mb1 Cre/+ , CD21 Cre/+ , AID Cre/Cre , and μMT mice were bred and maintained in the specific pathogen-free animal facility of Se-attle Children's Research Institute and handled according to Institutional Animal Care and Use Committee-approved protocols. aPIK3CD mice were generated by knock-in of mutant exon 24 bearing E1020K in 3′→5′ orientation downstream of endogenous exon 24, flanked by loxp sites as shown in Fig. S1 A. The targeting vector also included a neo-cassette flanked by frt sites in the endogenous PIK3CD locus that was removed by intercross with Flp-strain mice (ACTB: FLPe B6J mice; Jackson Laboratories) following germline transmission. aPIK3CD mice were subsequently crossed to various B cell-specific Cre-bearing strains as described to induce excision of endogenous exon 24 and expression of mutant exon 24, via Cre-mediated double-stranded breaks at the indicated Loxp and mLoxp sites, resulting in fixing the inversion in place as previously described (Fig. S1 A; Mullally et al., 2010) . Mb1 Cre/+ mice were provided by M. Reth (Max Planck Institute of Immunobiology, Freiburg, Germany). All aPIK3CD mice in this study are heterozygous for the E1020K mutation, and all control animals are Cre-negative littermates. Reagents LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen) was used according to the manufacturer's instructions. Alexa Fluor 350 carboxylic acid, succinyl ester (Invitrogen) was used according to the manufacturer's instructions. Anti-murine antibodies used in the study include the following: CD45.1 (A20), CD38 (90), IgM (II/41), CD8 (53-6.7), Gr-1/Ly-6G (RB6-8C5), and SA-e450 from eBioscience; IgD (11-26), BP-1 (FG35.4), and λ (JC5-1) from Southern Biotech; B220 (RA3-6B2), CD19 (6D5), CD24 (M1/69), CD21 (7E9 and 7G6), CD23 (B3B4), BP-1 (6C3), and CD4 (GK1.5) from Biolegend; CD45.2 (104), CD43 (S7), CD21 (7G6), CD19 (1D3), CD138 (281-2), CD95/Fas (Jo2), IgG1 (A85-1), κ (187.1), CXCR4 (2B11), CD86 (GL1), CD11b (M1/70), CD5 (53-7.3), and SA-PE from BD Biosciences; CD3 (500A2), SA-AF700, and SA-APC from Life Technologies; and PNA from Vector Laboratories. VLP-specific B cell detection ex vivo was performed as previously described (Hou et al., 2011) .
Competitive chimera BM transplantations BM was harvested from donor WT (CD45.1) and Mb1-aPIK3CD (CD45.2), and single-cell suspensions were mixed at a 50:50 ratio for retro-orbital injection of 5 × 10 6 cells into lethally irradiated (900 cGy) μMT (CD45.1/CD45.2) recipients. Resulting BM chimeras were sacrificed 12-14 wk after transplantation. Data are representative of two independent experiments.
Flow-cytometric analysis
Single-cell suspensions from spleen, BM, and peritoneal fluid (PF) were obtained as previously described (Becker-Herman et al., 2011) and incubated with fluorescence-labeled antibodies for 15 min at 4°C. For phospho-flow analysis, 1 × 10 6 cells were fixed with fix/permeabilization solution (BD Biosciences) for 20 min at room temperature (RT) in the dark. Cells were resuspended in 90% methanol and stored at −20°C for a minimum of 30 min. Cells were washed with FACS buffer (1× PBS plus 2% FBS) twice and stained for surface and phospho-site antibodies for 45 min at RT in the dark. Data were collected on an LSR II (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Cell cycle analysis
For in vivo labeling of cycling cells, mice were i.p. injected with 1 mg BrdU 24 h before sacrifice. Both spleen and BM were collected, and cells were surface stained, fixed, permeabilized, treated with DNase for 1 h at 37°C, and stained with anti-BrdU FITC (BrdU kit from BD Biosciences). Data were collected on an LSR II (BD Biosciences) and analyzed using FlowJo software (Tree Star).
ELI SA
To test total serum Ig titers, 96-well Nunc-Immuno MaxiSorp plates (Thermo Fisher Scientific) were precoated overnight at 4°C with 2 μg/ml anti-IgM, anti-IgG, anti-IgG1, anti-IgG2C, and anti-IgG3. For total Ig ELI SAs, serum was diluted 1:6,250, 1:31,250, and 1:156,250. Serum diluted at 1:200 was tested for reactivity to double-stranded DNA (Sigma-Aldrich), Smith-ribonucleoproteins (ATRO1-10; Arotech Diagnostics Limited), and MDA-LDL (20P-MD L-105; Academy Biomedical) at 100 µg/ml. To detect NP-specific antibody levels in serum, 96-well Nunc-Im-muno MaxiSorp plates were coated with NP(30)-BSA (50 µg/ml; Biosearch Technologies) overnight at 4°C. Serum was diluted 1:8,000, 1:16,000, 1:32,000, and 1:64,000. To test reactivity to VLP, plates were coated with 1 μg/ml Qb VLP antigen, and serum was serially diluted twice from 1:200 to 1:409,600. To test reactivity to PPV23, plates were coated with 10 μg/ml Pneumovax, and serum was diluted 1:100. Plates were blocked for 1 h with 2% BSA in PBS before addition of diluted serum for 2 h at RT or overnight at 4°C. Specific antibodies were detected using goat anti-mouse IgM-, IgG-, IgG1-, or IgG3-horseradish peroxidase or rat anti-mouse IgG2C-horseradish peroxidase (1:2,000 dilution; SouthernBiotech). Peroxidase reactions were developed using OptEIA TMB substrate (BD Biosciences) and stopped with sulfuric acid. Absorbance at 450 nm was read using a SpectraMax 190 microplate reader (Molecular Devices). For total Ig titers, 450-nm absorbance was corrected by subtraction of 570-nm absorbance. For antigen-specific ELI SAs, 450-nm absorbance was reported.
Apoptosis assays
Total cells from spleen, BM, and PF were incubated with fluorescently labeled antibodies for 30 min at 4°C in staining buffer, followed by TUN EL-based apoptosis analysis. Cells were fixed overnight at 4°C in 2% paraformaldehyde, permeabilized for 2 min on ice in permeabilization solution (0.1% TritonX-100 and 0.1% sodium citrate), and labeled according to the manufacturer's instructions (In Situ Cell Death Detection kit, Fluorescein; Sigma-Aldrich). Data were collected using an LSR II and analyzed using FlowJo software. For Annexin V staining, total cells from spleen or PF were incubated with fluorescently labeled antibodies for 15 min at 4°C in staining buffer, followed by Annexin V staining with a dead cell apoptosis kit (Life Technologies). Cells were resuspended in 1× Annexin-binding buffer and stained with Annexin V 488 for 15 min at RT in the dark. The reaction was quenched with 1× Annexin-binding buffer, and samples were run immediately on an LSR II (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Statistical analysis
Unpaired two-tailed Student's t tests were applied to assess statistical significance of the differences between groups of mice. For experiments that have more than two groups, more than two treatments or more than two time points, one-or two-way ANO VA was used to assess group and treatment differences, and the Bonferroni method was used to correct for multiple hypotheses in pairwise comparisons. The P values were considered significant when P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). Fig. S1 shows Cre recombinase-mediated excision events proceed by two paths resulting in excision of endogenous exon 24 and inversion and expression of mutant exon 24. Expression of mutant exon 24 is restricted to B cells and absent in CD4 + T cells in the CD21-aPIK3CD model with expected allelic frequency, representative gating strategy for BM, peritoneal, and splenic B cell subsets. Fig. S2 shows incorporation of BrdU into B cell subsets in the BM under homeostatic conditions, Annexin V staining in splenic B cells, Annexin V staining in peritoneal B cells, an advantage for Mb1-aPIK3CD-derived cells within the GC and splenic plasma cell compartments in the competitive BM chimeras, diminished nuclear antigen reactive IgM in Mb1-aPIK3CD mice compared with controls, and total IgG reactivity to MDA-LDL and PC(10) in Mb1-aPIK3CD and CD21-aPIK3CD mice compared with controls. Fig. S3 shows increased B1 progenitor B cells in the BM of Mb1-aPIK3CD mice compared with controls, decreased NP(30)-IgG3 at 7 d after NP-Ficoll immunization of Mb1-aPIK3CD mice compared with controls, increased PPV23 reactive IgM at baseline and comparable titers after immunization in Mb1-aPIK3CD mice compared with controls, and mild increase in total GC B cells with decreased antigen-specific (VLP specific) cells within the GC of CD21-aPIK3CD mice, with increased LZ skewing of the GC and decreased class-switched VLP-specific antibodies compared with controls 14 d after immunization.
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